An experiment platform has been designed to study vacuum power flow in magnetically insulated transmission lines (MITLs). The platform is driven by the Mykonos-V LTD accelerator to drive a coaxial MITL with a millimeter-scale anode-cathode gap. The experiments conducted quantify the current loss in the MITL with respect to vacuum pumpdown time and vacuum pressure. MITL gaps between 1.0 mm and 1.3 mm were tested. The experiment results revealed large differences in performance for the 1.0 and 1.3 mm gaps. The 1.0 mm gap resulted in current losses of 40%-60% of the peak current. The 1.3 mm gap resulted in current losses of less than 5% of peak current. Classical MITL models that neglect plasma expansion predict that there should be zero current loss, after magnetic insulation is established, for both of these gaps.
I. INTRODUCTION
Magnetically insulated transmission lines (MITLs) are commonly used in the final stages of pulsed power systems to transfer power at high voltage and current to the physics-package load. Areas such as the convolute and inner-MITL of the Z-Machine require MA/cm level currents to be transmitted with vacuum gaps of 1 cm or less [1] . Future pulsed power systems, which will deliver greater power to loads, will require MITLs to transfer power at greater power densities. Understanding and minimizing current loss within the MITL will be a critical design issue for these larger pulsed power systems.
MITL power flow has been studied in detail. In order to support MITL design and understand current loss in a MITL, many individual studies involving simulation [2] [3] [4] , analytic calculations [5] [6] [7] [8] , and experiment [9] [10] [11] [12] [13] [14] have been published.
In these experiments, the power flow in a low lineal current density (10's of kA/cm), millimeter-scale MITL gap was studied. The experiments were conducted at low lineal current density to minimize the influence of anode heating and ion emission from anode surfaces [15] . The experiments performed were directed towards studying the effect of vacuum conditions on the current loss in a MITL. It is known that surface contamination alters the emission characteristics of electrodes [16, 17] . In the Z MITL system, it has been observed that increased vacuum pumpdown times reduces the partial pressures of electrode-surface contaminants and can reduce current loss across the MITL anode-cathode (AK) gap [18] . The experiments described in this report investigated the MITL current loss with respect to vacuum pressure in a MITL in a controlled manner, without the variability of different machine configurations or complex dynamic experiment loads that are used on Z.
II. EXPERIMENT SETUP

A. Pulsed Power Driver
The Mykonos LTD module served as the pulsed power driver for the vacuum transmission line power flow experiments. The vacuum transmission line power flow tests were the first experiments to be completed on an upgraded five-cavity Mykonos LTD module (Mykonos V).
The Mykonos V LTD module is made up of five, threemeter diameter LTD cavities. Each cavity consists of 36 LTD bricks, each built with a HCEI 200 kV multi-gap switch [19] and two 40 nF General Atomics 31165 capacitors. The five cavities are triggered sequentially and drive a matched impedance coaxial water transmission line. The cavities are triggered with a 6.6 ns delay between cavities to match the transit time of the power pulse in the water transmission line. The cavities and water transmission line are shown in Figure 1 . The LTD cavities are designed to operate at up to +/-100 kV charge voltage. At full charge voltage, Mykonos V nominally produces a 1 MA, 500 kV pulse with a rise time (10%-90%) of 60 ns and a pulse width (FWHM) of 160 ns into a 0.5 ohm matched load. The noted references contain additional details on the Mykonos LTD cavities [20] and the two-cavity module, Mykonos II [21] [22] [23] , that preceded the Mykonos V module. 
B. Load Hardware
A vacuum transmission line load for Mykonos was designed and acquired for the vacuum power flow experiments. A cross-section view of the vacuum hardware is shown in Figure 2 . A radial water transmission line, vacuum insulator, and radial vacuum transmission line served to direct power flow to the small diameter of the MITL being tested. The vacuum insulator serves to isolate the water-insulated transmission line from the vacuum-insulated transmission line. The vacuum insulator was also designed to direct power flow through a series water resistor. This water resistor was adjustable from approximately 0.1 ohm to 0.5 ohm and was used to dampen reflections back into the cavities from the shortcircuit inductive load.
The experiment MITL consisted of a small gap, 3 cm long, coaxial vacuum transmission line. The cathode radius is fixed at 3 cm. The anode radius was varied to produce AK gaps between 1 mm and 1.3 mm. A 15 nH constant-inductance served as the load downstream of the experiment gap. The gap was designed to operate at fields of 1-2 MV/cm, well above the electron emission threshold of approximately 240 kV/cm. The cathode radius of 3 cm was chosen to minimize the inductance of the vacuum region while still ensuring magnetic insulation would be established early in the pulse, at around 200 kA.
The experiment gap anode and cathode were made of stainless steel 304L. The anode and cathode were machined with no cutting oil and electropolished per ASTM B912 standards. After machining, the hardware was cleaned with isopropanol and a TX309 Texwipe, rinsed with isopropanol and blown dry with nitrogen, vacuum baked at 800 C for four hours, then wrapped in a TX309 Texwipe and All-Foils UHV aluminum foil. The hardware was stored wrapped in the UHV foil until installed on the machine for use. 
C. Diagnostics
The primary diagnostic included B-dot and D-dot monitors to measure current and voltage. Four B-dots and four D-dots were located at the vacuum insulator. These monitors were identical to those described in Sections III and V of [24] . In the vacuum transmission line, a total of eight B-dots were used to measure current. Four B-dots were located upstream and and four B-dots were located downstream of the experiment gap. The vacuum B-dots were designed as a 2-loop version of the inner-MITL current monitor described in Section IV of [24] .
Prior to the experiments, the diagnostic monitors were calibrated in-situ. Two Pearson 3483 current monitors, accurate to +/-1% absolute, were used in opposite polarities as calibration references for the vacuum and stack b-dot monitors. The negative polarity Pearson signal was inverted and averaged with the positive polarity Pearson signal to generate the final reference current signal. Voltage measured across a 2 kΩ resistor was used as the calibration reference for the D-dots. For calibration, the monitor signals were baseline-corrected to subtract any DC offset. The signals were then numerically integrated, and compared using an iterative routine to find the time shift and amplitude scale to minimize the pointwise rms differences between the reference waveform and the signal being calibrated. The B-dots also included a correction for the magnetic field penetration, as described in [24] . The signals gave rms point-wise deviations of a scaled signal divided by its peak of less than 1%. Ten calibration tests were averaged to generate the gauge factors. The maximum shot-to-shot variation in gauge factors was 1.7% or less.
Vacuum diagnostics included two MKS 979b fullrange gauges to measure vacuum pressure upstream and downstream of the experiment gap. The reported vacuum pressure was measured by the upstream gauge. The upstream gauge was always the higher of the two vacuum measurements. This was due to a molecular pumping restriction caused by the experimental gap. The high upstream pressure was exacerbated by the vacuum seals on the insulator itself. A Stanford Research Systems RGA composition during pumpdown.
D. Shot Procedures
The experiment gap anode and cathode were replaced for each shot series. All other vacuum hardware was reused, and refurbished if necessary. Vacuum surfaces that were coated with debris from breakdown of the experiment AK gap were refurbished with 3M ScotchBrite surface conditioning pads. The hardware was then vacuumed and wiped with a lint free cloth (TX309 Texwipe) and ethyl alcohol. The experiment gap anode and cathode hardware that were regularly replaced were not removed from the UHV foil they were stored in after processing until they were ready to install. The AK gap was aligned to +/-2% of nominal gap using gauge pins to verify alignment. After the anode and cathode were aligned, the remaining vacuum hardware was installed and the system was pumped down. Pumpdown time was varied as an experiment variable. Typically the disassembly, refurbishment, and assembly of the load hardware were completed in approximately one hour. During installation, all vacuum hardware was handled only with clean nitrile gloves.
III. EXPERIMENT RESULTS
The current loss as a function of time for each experiment was determined from the B-dot diagnostics upstream and downstream of the MITL gap. The current measurements and the calculated loss current from a representative shot with the 1.0 mm gap are shown in Figure 3 . Typically a small amount of loss could be measured early in the pulse prior to magnetic insulation. The loss would then hold constant, or in some cases decrease, until complete gap closure. Gap closure was indicated by a sharp divergence of the upstream and downstream current measurements. At this point the downstream current slowly L/R decays as magnetic energy stored in the load inductance dissipates.
A. Anode-Cathode Gap
The vacuum AK gap had the largest influence on the gap closure in the MITL. Experiments conducted with the 1.0 mm AK gap regularly resulted in complete gap closure at 40%-60% of peak current. In contrast, the 1.3 mm AK gap remained open during the current rise and did not close until at, or after, peak current. Figure 4 shows the measured loss current as a function of vacuum gap. It can be seen that the loss current decreases significantly as the vacuum gap increases from 1.0 mm to 1.3 mm. The corresponding time to gap closure is shown in Figure 5 
B. Vacuum pressure
Loss current was found to be insensitive to the background gas pressure or the time spent under vacuum for pressures below rough vacuum as high as 10 -3 torr. The loss current as a function of vacuum pressure for the 1.0 and 1.3 mm gaps are shown in Figures 7 and 8 , respectively. The 1.0 mm gap was only tested at pressures between 10 -3 torr and 10 -6 torr. The time spent under vacuum ranged between 10 minutes and 14 days. The loss current was unaffected by either parameter and varied between approximately 200 kA and 400 kA for all shots. The 1.3 mm AK gap was tested over a larger pressure range, as high as 10 -1 torr. The time to gap closure did not significantly decrease (resulting in an increased loss current) until the AK gap was operated at pressures above 10 -2 torr. These high pressures correspond to collision mean free paths on the order of the vacuum AK gap resulting in enhanced breakdown of the AK gap. 
IV. SUMMARY
The experiments described represent the first phase of an effort to develop an improved understanding of current loss in vacuum transmission lines. In order to support this effort the Mykonos LTD accelerator was upgraded to a five cavity module and a vacuum transmission line load region was designed. Initial experiments conducted at low lineal current densities revealed the size of the vacuum gap had the largest influence on current loss. Increasing the gap from 1.0 to 1.3 mm delayed the vacuum gap closure until at, or after, peak current in the load. Additionally, it was concluded that in the limit of low lineal current density vacuum pressure had little effect on the measured loss current below approximately 10 -4 torr. The loss current did not significantly increase until the background gas pressure increased above 10 -2 torr, which corresponds to particle mean free paths on the order of the insulating vacuum gap.
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